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Culture of bacteria from bronchial secretions in respiratory patients has low sensitivity and does not allow for complete assess-
ment of microbial diversity across different bronchial compartments. In addition, a significant number of clinical studies are
based on sputum samples, and it is not known to what extent they describe the real diversity of the mucosa. In order to identify
previously unrecognized lower airway bacteria and to investigate the complexity and distribution of microbiota in patients with
chronic obstructive pulmonary disease (COPD), we performed PCR amplification and pyrosequencing of the 16S rRNA gene in
patients not showing signs or symptoms of infection. Four types of respiratory samples (sputum, bronchial aspirate, bronchoal-
veolar lavage, and bronchial mucosa) were taken from each individual, obtaining on average >1,000 16S rRNA sequences per
sample. The total number of genera per patient was >100, showing a high diversity, with Streptococcus, Prevotella, Moraxella,
Haemophilus, Acinetobacter, Fusobacterium, and Neisseria being the most commonly identified. Sputum samples showed signif-
icantly lower diversity than the other three sample types. Lower-bronchial-tree samples, i.e., bronchoalveolar lavage and bron-
chial mucosa, showed a very similar bacterial compositions in contrast to sputum and bronchial aspirate samples. Thus, sputum
and bronchial aspirate samples are upper bronchial tree samples that are not representative of the lower bronchial mucosa flora,
and bronchoalveolar lavage samples showed the results closest to those for the bronchial mucosa. Our data confirm that the
bronchial tree is not sterile in COPD patients and support the existence a different microbiota in the upper and lower
compartments.

The bronchial tree and the pulmonary parenchyma are consid-
ered sterile in healthy subjects, but potentially pathogenic mi-

croorganisms (PPM) are often recovered from bronchial secre-
tions in patients with chronic obstructive pulmonary disease
(COPD) during periods of clinical stability and, particularly, dur-
ing exacerbations, when bacterial loads increase significantly (37,
46). When sputum has been used for the identification of bron-
chial colonization by PPM in stable COPD, positive cultures have
been found in one-fifth to three quarters of the patients, in most
cases to a single microorganism (16, 38). Cultures positive for
PPM have been found in one-third of the patients with COPD in
the absence of symptoms of bronchial infection when lower bron-
chial secretions have been sampled, avoiding the oropharynx
through the use of a protected specimen brush for the collection of
the specimens under sterile conditions, with Haemophilus influ-
enzae, Streptococcus pneumoniae, and Mycobacterium catarrhalis
being the bacteria most often recovered (37), a finding that con-
firms the presence of these microorganisms in the lower bronchial
tree of COPD patients. Bronchial colonization has been also dem-
onstrated in bronchoalveolar lavage samples obtained from
COPD patients, a sample that recovered peripheral secretions
from the bronchial tree (8, 39, 42). Most PPM cultured from sta-
ble COPD patients show low microbial loads (�100,000 CFU/
ml), however, and are not associated with a neutrophilic inflam-
matory response (31, 45), with high loads being found almost
exclusively when H. influenzae is the colonizing bacteria (25, 26).
These findings confirm that colonizing PPM may be found in the
bronchial trees of some patients with COPD, in most cases as a
single culture. The mechanisms behind the recovery of low-load
PPM from bronchial secretions in patients with COPD in the ab-

sence of signs and symptoms of infection is open to debate, since it
may be related to oropharyngeal bacteria that migrated to the
bronchial tree or to flora colonizing specifically the lower bron-
chial tree (30, 44).

Culture-based techniques underdiagnose bronchial coloniza-
tion at loads below the detection limit of the sputum culture, and
PPM have been identified in one-tenth of culture-negative spu-
tum samples (28). The use of molecular methods such as PCR
amplification of the 16S rRNA gene, followed by cloning and tra-
ditional Sanger sequencing in bronchial secretion samples, has
allowed the identification of bacterial species previously unde-
tected by the selective cultures used for the identification of PPM
and, more recently, the application of pyrosequencing to PCR-
amplified products from human samples has taken the study of
microbial diversity to an unprecedented level of detail (7, 14, 17).
These approaches have shown that there is a wide diversity of
microorganisms in respiratory secretions that remain undetected
in culture (15) and have suggested that the bronchial microbiome
may be heterogeneous in COPD, with significant differences be-
tween bronchial sections (14), a finding previously reported in
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protected specimen brush samples from patients with respiratory
disease (20) and not observed in healthy subjects (7). Accordingly,
before the initiation of large studies focusing on the microbiome
of the bronchial tree in well-characterized COPD patients, it is
necessary to examine the microbial diversity across its different
sections, so that the interpretation of the results obtained through
sampling of the different bronchial tree compartments is accurate.

The aim of the present study was to identify lower-airway bac-
teria unrecognized through culture in patients with COPD, in the
absence of signs and symptoms of bronchial infection, as well as to
examine the complexity of microbial flora in these patients by the
use of amplification and pyrosequencing of the 16S rRNA gene. In
addition, we sought to compare microbial diversity recovered
from upper (sputum and bronchial aspirate) and lower (bron-
choalveolar lavage and bronchial mucosa) bronchial tree samples
simultaneously obtained from the same individuals, under the
assumption that these samples represent different bronchial tree
compartments.

MATERIALS AND METHODS
Design and participants. A study focused on the microbiome of the bron-
chial tree in COPD was performed in stable patients with moderate dis-
ease who had not suffered from exacerbations during the previous year
and had not been treated with antibiotics during this period. Patients with
sputum cultures available and negative for PPM at enrollment and at least
two times in the previous year were recruited between January and June
2010. Gram-negative and Gram-positive bacteria recognized as agents
causing respiratory infections, such as Haemophilus influenzae, Haemo-
philus parainfluenzae, Streptococcus pneumoniae, Moraxella catarrhalis,
Pseudomonas aeruginosa, Staphylococcus aureus, and Enterobacteriaceae
were considered as PPM (6, 29, 40). Patients with severe lung function
impairment (postbronchodilator forced expiratory volume in 1 s [FEV1]
at 50% of the reference) or requiring regular treatment for chronic respi-
ratory disease were excluded from the study, and additional exclusion
criteria included hospitalization within the previous year and any severe
disease needing regular therapy. Patients surgically treated for cancer and
free of recurrence for a minimum of 5 years were accepted for inclusion.
All patients gave written informed consent, and the study protocol was
approved by the Regional Ethics Committee. Four types of respiratory
samples (sputum, bronchial aspirate, bronchoalveolar lavage, and bron-
chial mucosa) were taken from each individual.

Sociodemographic and clinical measurements. Sociodemographic
and clinical data were recorded at enrollment, including smoking habits,
medical antecedents, respiratory symptoms, and treatments. All patients
performed forced spirometry and reversibility tests in the morning with a
dry rolling-seal spirometer (Spirometrics, Gray, ME) according to stan-
dard techniques (2). Postbronchodilator forced vital capacity (FVC) and
forced expiratory volume in 1 s (FEV1) were measured and compared to
age and height-adjusted reference values obtained from selected volun-
teers from the Barcelona province (36). The data were analyzed using the
SPSS statistical software package, version 18 (SPSS, Inc., Chicago, IL). The
results of descriptive statistics for categorical variables are expressed as
absolute and relative frequencies. The results for continuous variables are
expressed as medians (i.e., interquartile range).

Sampling procedure. Induced sputum samples were obtained and
processed within 60 min at the enrollment visit according to standard
methods (32, 33). Briefly, the patient was pretreated with an inhaled b2-
agonist 10 min before the nebulization of isotonic saline (0.9%), followed
by increasing concentrations of hypertonic saline (3, 4, and 5%) for 7 min
with each concentration. After every induction, the patient attempted to
obtain a sputum sample by coughing, and the nebulization procedure was
discontinued when the sputum volume collected was �1 ml (1).

The sputum sample was cultured and the determination of microbial
typology was carried out by means of culture in selective media according

to standard methods (4), and cultures were considered negative when not
growing PPM. Bronchoscopy was performed under local anesthesia and
sedation, using a flexible videobronchoscope (BF180; Olympus Optical
Co., Tokyo, Japan). Local anesthesia and sedation were achieved using
topical lidocaine spray and intravenous midazolam, respectively, in ac-
cordance with standard recommendations (5, 35). A bronchoalveolar la-
vage, a bronchial mucosa biopsy specimen, and a bronchial aspirate were
collected through the working channel of the bronchoscope during the
procedure. The bronchoscope, after its usual disinfection procedure (5),
was introduced transnasally, passed through the vocal cords without as-
piration and wedged in a right middle lobe bronchus for bronchoalveolar
lavage, to avoid contamination of the collected sample by oropharyngeal
flora (7). Saline (50 ml) was instilled, aspirated, and discarded, after which
100 ml was lavaged in the same location and collected, with recovery of a
volume �30% of the instilled sample. Subsequently, a bronchial biopsy
was performed in a subsegmentary bronchus macroscopically normal at
white light examination, and bronchial aspirates with the tip of the bron-
choscope located in the right and left main bronchi were obtained.

Sample processing and DNA extraction. Samples were collected be-
tween April and August 2009 and kept at �80°C until DNA extractions
were performed in September 2009. Sputum, bronchial aspirate, and
bronchoalveolar lavage samples were treated for 15 min with an equal
volume of Sputasol (Oxoid, Hampshire, United Kingdom), followed by
centrifugation for 15 min at 13,000 � g. Genomic DNA extraction from
sputum, bronchial aspirate, and bronchoalveolar lavage pellets, and bron-
chial mucosa samples was performed using a Qiagen DNA blood kit (Qia-
gen, Crawley, United Kingdom) according to the manufacturer’s instruc-
tions, with some modifications. Briefly, samples were treated with 10 �l of
an in-house lysis solution as previously described (11). This stock solution
consisted of 10 ml of filter-sterilized buffer 1 (20 mM Tris [pH 8], 2 mM
EDTA [Sigma] 1.2% Triton X-100), 500 mg of lysozyme (Sigma, Poole,
United Kingdom), 50,000 U of mutanolysin (Sigma), and 1,000 U of
lysostaphin (Sigma). The amounts of DNA obtained ranged between 80
and 950 ng for sputum, 70 and 1,105 ng for bronchial aspirates, 164 and
1,060 ng for bronchoalveolar lavages, and 70 and 520 ng for bronchial
mucosa samples.

PCR amplification and pyrosequencing. The first 500 bp of the 16S
rRNA genes were amplified with the universal eubacterial primers 27F
(5=-AGAGTTTGATCMTGGCTCAG-3=) and 338R (5=-GCCTTGCCAG
CCCGCTCAGGC-3=) using the high-fidelity AB-gene DNA polymerase
(Thermo Scientific) with an annealing temperature of 52°C and 20 cycles
to minimize PCR biases (41). A secondary amplification was performed
using the purified PCR product as a template, in which the universal
primers were modified to contain the pyrosequencing adaptors A and B,
and an 8-bp “barcode” specific to each sample, following McKenna and
cols (27). Barcodes were different in at least three nucleotides from each
other to avoid misclassification in sample assignments. Five secondary
PCRs were performed per sample, pooling their PCR products before
purification, which was done using an Ultrapure PCR purification kit
(Roche). The final DNA per sample was measured by PicoGreen (Invit-
rogen) fluorescence in a Modulus 9200 fluorimeter from Turner Biosys-
tems, and 12 samples were mixed in equimolar amounts. Each pool of 12
samples was further purified and concentrated by the use of Microcon
filters (Millipore) into a final volume of 20 �l and a concentration higher
than 100 �g/�l. PCR products were pyrosequenced from the forward
primer end only using a GS-FLX sequencer with titanium chemistry
(Roche) at the Center for Genomic Regulation in Barcelona, Spain. One-
sixteenth of a plate was used for each pool of 12 samples.

Sequence analysis. Reads with an average quality value lower than 20
and/or with more than four ambiguities in homopolymeric regions in the
first 360 flows were excluded from the analysis. Only reads longer than 200
bp were considered, since it has been shown that taxonomic assignment
accuracy decreases dramatically in reads shorter than 200 bp and that the
use of short reads inflate rarefaction curves (9). Chimeric sequences were
filtered out using the software Bellerophon (19). Sequences with differ-

Bronchial Tree Microbiome

November 2012 Volume 50 Number 11 jcm.asm.org 3563

http://jcm.asm.org


ences in the primer region were excluded from the analysis, as well as
sequences with more than four ambiguities in homopolymeric regions.
Sequences were assigned to each sample by the 8-bp barcode and passed
through the Ribosomal Database Project classifier (10), where each read
was assigned a phylum, class, family, and genus, as long as the taxonomic
assignment was unambiguous within an 80% confidence threshold,
which has been estimated to assign reads with �95% accuracy at those
taxonomic levels. Sequences were deposited in the MG-RAST server un-
der accession numbers 4481640.3 to 4481663.3. To estimate the total di-
versity, sequences were clustered at 97% nucleotide identity over 90%
sequence alignment length using the software CD-HIT (22), and rarefac-
tion curves were obtained with the program Analytic Rarefaction 1.3 (18).
For this analysis, sequences �97% identical were considered to corre-
spond to the same operational taxonomic units, representing a group of
reads that likely belong to the same species (47). Rarefaction curves were
also obtained using only those sequences assigned to a genus by the RDP
classifier, as a conservative estimate of diversity at that taxonomic level.

Statistical analysis. Principal component analyses (PCA) were per-
formed with UNIFRAC (24) using clustering at 97% sequence identity
with the weighted analysis option, which compares the 16S-estimated
diversity by a phylogenetic approach that takes into account both taxo-
nomically assigned and unassigned reads. For comparison to respiratory
tract samples, PCR-amplified sequences from the same region of the 16S
rRNA gene in oral samples from supragingival dental plaque were taken
(MG-Rast accession numbers 4481871.3 to 4481856.3) and included in
the PCA. The matrix for performing the PCA is based on the distance
between phylogenetic trees corresponding to each sample. This distance is
measured in terms of the branch lengths in the trees that are unique to one
sample or the other (24).

Two-way comparisons in bacterial composition were performed using
the UniFrac metric (24) in order to measure whether the microbial com-
munities in different sample types were significantly different. A tree in-
cluding all sequences from each sample type was obtained, and samples
are considered significantly different if the UniFrac value for the real tree
is greater than would be expected if the sequences were randomly distrib-
uted between the samples. The sample identifications are randomly per-
muted 1,000 times to obtain a P value representing the fraction of per-
muted trees that have UniFrac values greater than or equal to that of the
real tree, using Bonferroni corrections for multiple comparisons (24).

RESULTS
Participants. Five men and one woman who were former smokers
with moderate COPD were included in the study (median age, 71
years). Four patients reported chronic bronchitis and all patients
showed a moderate impairment in their lung function (postbron-
chodilator FEV1 median, 66% of the reference) that did not re-
quire regular treatment. Four patients had been surgically treated
for cancer (three lung cancer patients and one breast cancer pa-
tient), all of them free of recurrence of this disease after surgery for
a minimum of 5 years. Sputum cultures obtained at recruitment

and on two occasions during the previous year were negative for
PPM. Clinical data for the study group are shown in Table 1.

Microbial diversity in the bronchial tree. An average of 1,033
sequences of the 16S rRNA gene were obtained in the 24 respira-
tory samples, which correspond to sputum, bronchial aspirate,
bronchoalveolar lavage, and bronchial mucosa from the six par-
ticipating COPD patients. When sequences were clustered at 97%
sequence identity, a consensus threshold for reads belonging to
the same species, rarefaction curves, and Chao1 indices suggested
a total diversity of more than 500 species per sample.

TABLE 1 Characteristics of the studied population

Patient Gender Smoking Cancer history Cancer surgery COPD severitya FEV1
b (%) No. of sequencesc

1 Male Former Lung Lobectomy Moderate 72 4,362
2 Female Former Breast Mastectomy Moderate 76 2,477
4 Male Former Lung Lobectomy Moderate 41 2,980
5 Male Former None Moderate 60 6,858
7 Male Former None Moderate 72 5,497
8 Male Former Lung Lobectomy Moderate 42 2,619
a According to GOLD criteria (www.goldcopd.org).
b FEV1, forced expiratory volume in 1 s.
c Sequences of the 16S rRNA gene obtained after length and quality filtering.

FIG 1 Bacterial diversity in respiratory tract samples. The graph shows rar-
efaction curves indicating the number of assigned bacterial genera in relation
to the number of 16S rRNA sequences, grouped by individual (A) and sam-
pling method (B). Abbreviations: Sp, sputum; Ts, tissue; BAL, bronchoalveo-
lar lavage; Bas, bronchial aspirate.
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Rarefaction curves at the genus level reached saturation for the
subjects with lower microbial diversity when the sequences of the
four sample types from each patient were pooled, and the total
number of bacterial genera was found to be between 80 and 140
per patient, with differences in the bacterial composition among
them (Fig. 1A). Commonly amplified bacterial phyla were Proteo-
bacteria, Bacteroidetes, Actinobacteria, and Firmicutes. Streptococ-
cus, Prevotella, Moraxella, Haemophilus, Acinetobacter, Fusobacte-
rium, and Neisseria were the most common bacterial genera
amplified, which together account for 60% of the total number of
sequences. A complete list of bacterial genera per sample is in-
cluded in Data Set S1 in the supplemental material. Sequences
with maximum identity to Legionella and Mycoplasma were also
identified in the samples. Although the short sequence lengths of
the reads makes assigning species unreliable, further analysis of
these sequences against the RDP database suggests that they prob-
ably correspond to Legionella dresdenensis, a species not associated
with clinical cases isolated from river water, and the nonpatho-
genic species Mycoplasma orale and M. salivarium.

Microbiome differences in bronchial tree compartments.
The bacterial composition was similar for the same sample type
(Fig. 2), whereas important differences in diversity were observed
between upper and lower bronchial samples. The bacterial diver-
sity was lower in sputum, which reached saturation at about 60
bacterial genera, and much higher in bronchoalveolar lavage and
biopsy specimens (Fig. 1B and 2). Some of the most frequent
genera in sputum and in bronchial aspirate correspond to com-
mon dwellers of the oral cavity, including Veillonella, Fusobacte-
rium, or Prevotella spp.

In order to test differences in bacterial composition among the
four sample types, a PCA was performed for all 16S rRNA reads
clustered at 97% similarity, giving a higher resolution than genera
assignment and taking into account all species-level phylotypes.
The two main components accounted for over 83% of data vari-
ation, and the graph shows that bronchial mucosa and bronchoal-
veolar lavage samples cluster together, whereas sputum and bron-

chial aspirate samples were distinct from the lower bronchial
samples and were different between them (Fig. 3). This was con-
firmed by two-way comparisons in microbial composition, which
showed statistically significant differences between sputum and
the other sample types (UniFrac distance, P � 0.002 in all cases),

FIG 2 Taxonomic assignment of the 24 samples at the level of bacterial classes. The bacterial composition in sputum samples appears to be particularly different
from other sample types from the same individual. Abbreviations: Sp, sputum; Ts, tissue; BAL, bronchoalveolar lavage; BAs, bronchial aspirate.

FIG 3 Principal component analysis of the four respiratory tract sample types
(n � 6 for each sample type) and samples from the oral cavity of healthy
individuals (n � 16) according to the microbial composition, as inferred by
pyrosequencing of the 16S rRNA gene. Similar results were obtained using the
third component (data not shown). Abbreviations: Sp, sputum; Ts, tissue;
BAL, bronchoalveolar lavage; BAs, bronchial aspirate; Oral, supragingival den-
tal plaques.
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whereas bronchoalveolar lavage and biopsy specimens were not
statistically different (UniFrac distance, P � 0.6). The similarity
between the microbiomes of bronchoalveolar lavage and bron-
chial mucosa suggest that both samples represent the same bron-
chial compartment. Bronchial aspirates and sputum are less di-
verse and contain genera absent from the lower bronchial tree but
which are found in the oral cavity of healthy individuals. Figure 4
shows the genera shared between, and unique to each bronchial
tree sample, indicating that 43 genera are shared among all sample
types (see Table S1 in the supplemental material for a list of genera
unique to and shared between samples). Although a large number
of genera appear to be unique to each sample type, most of them
are detected as single reads in the sequences. When these single-
tons are excluded (see Data Set S1 in the supplemental material),
the genera exclusive of each sample type are restricted to Limbo-
bacter in sputum, to Arcobacter, Blautia, Emticicia, and Runella in
bronchial aspirate, and to Azonexus, Herbaspirillum, Peredibacter,
Simplicispira, Sporolactobacillus, and Methylobacillus in bron-
choalveolar lavage.

DISCUSSION

Our study has analyzed the bronchial tree microbiome in stable
COPD patients with a moderate impairment in their lung func-
tion, through amplification and pyrosequencing of the 16S rRNA
gene. We have characterized the microbiology of upper and lower
bronchial tree compartments, examining different respiratory
samples that included sputum, bronchial aspirate, bronchoalveo-
lar lavage, and bronchial mucosa. Rarefaction curves and Chao1
indices demonstrated a number of 80 to 140 bacterial genera per
patient, with a total estimated diversity of over 500 species in the

examined samples. The number of potential species in the respi-
ratory samples could be inflated due to sequencing errors (34) and
short sequence length attributable to the coverage of the hyper-
variable regions 1 and 2 of the 16S rRNA gene by the read. Taxo-
nomic assignment at higher levels such as genus or family, how-
ever, is highly reliable at this read length (23) and confirms the
presence of a complex bacterial community. Thus, bacterial diver-
sity in the lower airway, at least in COPD patients without signs of
infection, is much higher than previously anticipated. Frequently
amplified phylum in these patients were Proteobacteria, Bacte-
roidia, Actinobacteria, and Firmicutes, with Streptococcus, Pre-
votella, Moraxella, Haemophilus, Acinetobacter, Fusobacterium,
and Neisseria being the most common bacterial genera identified,
which together account for 60% of the total number of sequences.
The bacterial diversity was lower in sputum, a sample type that
reached saturation at about 60 bacterial genera, and much higher
in bronchoalveolar lavage and bronchial mucosa specimens. The
microbiomes of these lower bronchial tree samples showed close
similarity, whereas sputum and bronchial aspirate were distinct
between them and from the lower samples.

Traditional culture-based studies have described the bronchial
tree as sterile in healthy subjects (21, 37, 43), recovering bacteria
from bronchial secretions only when the patient suffers from a
chronic respiratory disease. In the absence of signs or symptoms of
respiratory infection, low-load colonizing PPM are often found in
the bronchial tree of COPD patients (25, 26, 37), being the mech-
anisms behind the recovery of these microorganisms in COPD
open to debate. Culture-independent microbiological techniques
have demonstrated that the lungs are not sterile during health and
have documented changes in the lung microbiome in several
chronic lung diseases (3). Charlson et al. have studied the oropha-
ryngeal and bronchial secretions from healthy subjects, finding
close similarities in the microbiologic pattern found in the oro-
pharynx and the bronchial tree, with a lower biomass in bronchial
secretions, and concluded that a specific bronchial microbiome in
healthy subjects does not exist (7). A different pattern was re-
ported by Hilty et al. in patients with COPD (17). These authors
compared lower bronchial secretions recovered by bronchial
brushing from healthy subjects and patients with COPD and
asthma and demonstrated a frequent recovery of members of the
phylum Proteobacteria, that contained important PPM-like Hae-
mophilus and Moraxella in these patients. Erb-Downward et al.
(14) used a similar approach in smokers without functional ab-
normalities and with COPD using bronchoalveolar lavage to sam-
ple the lower bronchial tree and found a close similarity in the
microbiome of smokers with or without disease, who showed
members of the phyla Proteobacteria, Firmicutes, Bacteroidetes,
and Fusobacteria in over a half of the patients and a similar diver-
sity, with Streptococcus, Prevotella, Fusobacterium, Pseudomonas,
Haemophilus, Veillonella, and Porphyromonas being the most
commonly identified genera. These authors also found a different
bacterial profile, with an overrepresentation of the genus Pseu-
domonas, in severe COPD patients, when explants of the bronchial
mucosa obtained from surgical samples were examined (14). An
important limitation of these studies performed in COPD patients
is that the microbial diversity in the different bronchial compart-
ments has not been assessed, making the interpretation of the
results difficult.

Our study focused on moderate COPD patients and confirmed
that in the absence of signs and symptoms of bronchial infection

FIG 4 Venn diagram showing the bacterial genera unique and/or shared be-
tween sample types. A complete list of genera for each location in the diagram
is included in Table S1 in the supplemental material. Abbreviations: Sp, spu-
tum; Ts, tissue; BAL, bronchoalveolar lavage; BAs, bronchial aspirate.
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there is a rich microbiome in the bronchial tree, the most common
amplified bacterial phylum being Proteobacteria, Bacteroidia, Ac-
tinobacteria, and Firmicutes, which have been reported in healthy
subjects too (7). In the studied samples, common bacterial genera
amplified have been Streptococcus, Prevotella Fusobacterium, and
Neisseria, also described in the normal population (7), and
Moraxella, Haemophilus, and Acinetobacter, bacteria that have ap-
peared as overrepresented in patients with COPD (14, 17). Ac-
cordingly, our data support the hypothesis that in patients with
COPD the bronchial microbiome includes genera present in the
healthy subjects, with an additional increased presence of various
genera of Proteobacteria that are unusual in the normal population
and included well-known PPM such as Haemophilus and
Moraxella.

Clear-cut differences in the microbiome of the upper and
lower bronchial tree of moderate COPD patients emerged from
our study. The upper respiratory samples, sputum and bronchial
aspirate, showed low diversity and the frequent recovery of phyla
that are part of the oropharyngeal flora of the healthy subject, such
as Firmicutes and Bacteroidetes (7). Lower-bronchial-tree samples
(bronchoalveolar lavage and bronchial biopsy specimens) showed
a more diverse microbiome with a close community profile in
both samples, a minor representation of oropharyngeal flora, and
the recovery of genera that included PPM. These results confirm
that the bronchial tree has different compartments with specific
characteristics in COPD. The upper bronchial tree has low diver-
sity and an overrepresentation of oropharyngeal flora, and lower
bronchi show a higher diversity that included genera that are un-
usual in sputum and aspirates and only show low prevalence of
Firmicutes and Bacteroidetes, which are common in the mouth and
pharynx.

The lower level of bacterial diversity found in sputum com-
pared to other sample types suggests that sputum samples contain
a limited fraction of the total bacterial community inhabiting the
respiratory tract. In addition, PCA indicates that sputum samples,
which are commonly used for bacterial identification in respira-
tory tract infections, are not representative of the composition and
proportion of bacterial taxa in bronchial mucosa. Bronchoalveo-
lar lavage, on the other hand, showed a similar but slightly higher
diversity than mucosa, probably attributable to the wider bron-
chial surface sampled by lavage, and may be considered a repre-
sentative substitute of bronchial mucosa samples (Fig. 1B). The
representativeness of sampling methods is a common problem in
human microbiome research. Most studies of microbial diversity
in the gastrointestinal tract, for instance, have been performed on
stool samples, but gut mucosal biopsy specimens have, in fact,
been found to harbor a very different microbial composition com-
pared to fecal samples of the same individuals (13), questioning
the validity of many metagenomic studies. Similarly, the use of
inappropriate samples to study the lung’s bacterial diversity can
also have important clinical implications. Given that sputum sam-
ples are probably the most common lung clinical samples taken
because they are readily obtained with noninvasive techniques, it
must be born in mind that the microbiota of sputum is not rep-
resentative of the microbiology of the lower airway. Thus, for ex-
ample, we did not detect Legionella in sputum, but it did appear in
four of six bronchoalveolar lavage samples. The role of atypical
bacteria such as Legionella in COPD is unclear and should be fur-
ther studied, since other authors have detected Legionella in
COPD patients by PCR methods (12).

Finally, we want to emphasize that although we cannot discard
that the sharing of some bacterial genera between upper bronchial
tree samples and oral cavity can be partly attributed to some bac-
terial biomass contamination at the time of sampling (7), the ob-
served resemblance may also have a biological meaning. The lar-
ynx has classically been considered a barrier between the
oropharynx and the trachea, which would keep the latter sterile.
However, the data presented here suggest that bacteria from the
oral cavity and the pharynx are also found in the bronchial tree,
and such mechanical barrier does not avoid a regular appearance
of oropharyngeal flora in the upper bronchi, which decreases
when going further down in the airway, at the level where the
bronchoalveolar lavage is performed. We hope these results stim-
ulate further characterization of the respiratory tract microbiota
in healthy controls and in individuals with different respiratory
diseases.

ACKNOWLEDGMENTS

R. Cabrera-Rubio, A. Moya, and A. Mira were funded by projects
SAF2009-13032-C02-01 and -02 from the Spanish MICINN. A. Moya is
also funded by project BFU2008-04501-E/BMC from the Spanish
MCINN and Prometeo/2009/092 from the Generalitat Valenciana
(Spain). We also acknowledge support from the Fundació Taulí, SOCAP,
and CIBERes–Ciber de Enfermedades Respiratorias. CIBERes is an initia-
tive of Instituto de Salud Carlos III.

REFERENCES
1. Aaron SD, et al. 2001. Granulocyte inflammatory markers and airway

infection during acute exacerbation of chronic obstructive pulmonary
disease. Am. J. Respir. Crit. Care Med. 163:349 –355.

2. American Thoracic Society. 1987. Standardization of spirometry: 1987
update. Am. Rev. Respir. Dis. 136:1285–1298.

3. Armougom F, et al. Microbial diversity in the sputum of a cystic fibrosis
patient studied with 16S rDNA pyrosequencing. Eur. J. Clin. Microbiol.
Infect. Dis. 28:1151–1154.

4. Balows A, Hausler WJ, Herrmann KL, Isenberg HD, Shadomy HJ.
1991. Manual of clinical microbiology, 5th ed. American Society for Mi-
crobiology, Washington, DC.

5. British Thoracic Society Bronchoscopy Guidelines Committee. 2001.
British Thoracic Society guidelines on diagnostic flexible bronchoscopy.
Thorax 56(Suppl 1):1–21.

6. Cabello H, et al. 1997. Bacterial colonization of distal airways in healthy
subjects and chronic lung disease: a bronchoscopic study. Eur. Respir. J.
10:1137–1144.

7. Charlson ES, et al. 2011. Topographical continuity of bacterial popula-
tions in the healthy human respiratory tract. Am. J. Respir. Crit. Care Med.
184:957–996.

8. Chin CL, et al. 2005. Haemophilus influenzae from patients with chronic
obstructive pulmonary disease exacerbation induce more inflammation
than colonizers. Am. J. Respir. Crit. Care Med. 172:85–91.

9. Claesson MJ, et al. 2010. Comparison of two next-generation sequencing
technologies for resolving highly complex microbiota composition using
tandem variable 16S rRNA gene regions. Nucleic Acids Res. 38:e200.

10. Cole JR, et al. 2009. The Ribosomal Database Project: improved align-
ments and new tools for rRNA analysis. Nucleic Acids Res. 37:D141–
D145.

11. Curran T, et al. 2007. Evaluation of real-time PCR for the detection and
quantification of bacteria in chronic obstructive pulmonary disease.
FEMS Immunol. Med. Microbiol. 50:112–118.

12. Curran T, et al. 2010. Development of a novel DNA microarray to detect
bacterial pathogens in patients with chronic obstructive pulmonary dis-
ease (COPD). J. Microbiol. Methods 80:257–261.

13. Durbán A, et al. 2011. Assessing gut microbial diversity from feces and
rectal mucosa. Microb. Ecol. 61:123–133.

14. Erb-Downward JR, et al. 2011. Analysis of the lung microbiome in the
“healthy” smoker and in COPD. PLoS One 6:e16384. doi:10.1371/
journal.pone.0016384.

Bronchial Tree Microbiome

November 2012 Volume 50 Number 11 jcm.asm.org 3567

http://jcm.asm.org


15. Guss AM, et al. 2011. Phylogenetic and metabolic diversity of bacteria
associated with cystic fibrosis. ISME J. 5:20 –29.

16. Hill AT, Campbell EJ, Hill SL, Bayley DL, Stockley RA. 2000. Associa-
tion between airway bacterial load and markers of airway inflammation in
patients with stable chronic bronchitis. Am. J. Med. 109:288 –295.

17. Hilty M, et al. 2010. Disordered microbial communities in asthmatic
airways. PLoS One 5:e8578. doi:10.1371/journal.pone.0008578.

18. Holland SM. 2003. Analytic rarefaction 1.3. University of Georgia, Ath-
ens, GA. http://strata.uga.edu/software/anRareReadme.html.

19. Huber T, Faulkner G, Hugenholtz P. 2004. Bellerophon: a program to
detect chimeric sequences in multiple sequence alignments. Bioinformat-
ics 20:2317–2319.

20. Ioanas M, et al. 2002. Bronchial bacterial colonization in patients with
resectable lung carcinoma. Eur. Respir. J. 19:326 –332.

21. Kahn FW, Godzik JM. 1987. Diagnosing bacterial respiratory infection
by bronchoalveolar lavage. J. Infect. Dis. 155:862– 869.

22. Li W, Godzik A. 2006. Cd-hit: a fast program for clustering and compar-
ing large sets of protein or nucleotide sequences. Bioinformatics 22:1658 –
1659.

23. Liu Z, DeSantis TZ, Andersen GL, Knight R. 2008. Accurate taxonomy
assignments from 16S rRNA sequences produced by highly parallel pyro-
sequencers. Nucleic Acids Res. 36:e120.

24. Lozupone C, Hamady M, Knight R. 2006. UniFrac: an online tool for
comparing microbial community diversity in a phylogenetic context.
BMC Bioinform. 7:371. doi:10.1186/1471-2105-7-371.

25. Marin A, et al. 2010. Variability and effects of bronchial colonization in
patients with moderate COPD. Eur. Respir. J. 35:295–302.

26. Marin A, et al. 2012. Effect of bronchial colonization on airway and
systemic inflammation in stable COPD. CPOD 9:121–130.

27. McKenna P, et al. 2008. The macaque gut microbiome in health, lentiviral
infection, and chronic enterocolitis. PLoS Pathog. 4:e20. doi:10.1371/
journal.ppat.0040020.

28. Murphy TF, Brauer AL, Schiffmacher AT, Sethi S. 2004. Persistent
colonization by Haemophilus influenzae in chronic obstructive pulmonary
disease. Am. J. Respir. Crit. Care Med. 170:266 –272.

29. Murphy TF, et al. 2007. Haemophilus haemolyticus: a human respiratory
tract commensal to be distinguished from Haemophilus influenzae. J. In-
fect. Dis. 195:81– 89.

30. Murray PR, Washington JA. 1975. Microscopic and bacteriologic anal-
ysis of expectorated sputum. Mayo Clinic Proc. 50:339 –344.

31. Patel IS, et al. 2002. Relationship between bacterial colonization and the
frequency, character, and severity of COPD exacerbations. Thorax 57:
759 –764.

32. Pin I, et al. 1992. Use of induced sputum cell counts to investigate airway
inflammation in asthma. Thorax 47:25–29.

33. Pizzichini E, et al. 1996. Indices of airway inflammation in induced
sputum: reproducibility and validity of cell and fluid-phase measure-
ments. Am. J. Respir. Crit. Care Med. 154:308 –317.

34. Quince C, et al. 2009. Accurate determination of microbial diversity from
454 pyrosequencing data. Nat. Methods 6:639 – 641.

35. Reed A. 1992. Preparation of the patient for awake flexible fiberoptic
bronchoscopy. Chest 101:244 –253.

36. Roca J, et al. 1986. Spirometric reference values from a Mediterranean
population. Bull. Eur. Physiopathol. Respir. 22:217–224.

37. Rosell A, et al. 2005. Microbiologic determinants of exacerbation in
chronic obstructive pulmonary disease. Arch. Intern. Med. 165:891– 897.

38. Sethi S, Evans N, Grant B, Murphy TF. 2002. New strains of bacteria and
exacerbations of chronic obstructive pulmonary disease. N. Engl. J. Med.
347:465– 471.

39. Sethi S, Maloney J, Grove L, Wrona C, Berenson CS. 2006. Airway
inflammation and bronchial bacterial colonization in chronic obstructive
pulmonary disease. Am. J. Respir. Crit. Care Med. 173:991–998.

40. Sethi S, et al. 2007. Airway bacterial concentrations and exacerbations of
chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med.
176:356 –361.

41. Sipos R, et al. 2007. Effect of primer mismatch, annealing temperature
and PCR cycle number on 16S rRNA gene-targeting bacterial community
analysis. FEMS Microbiol. Ecol. 60:341–350.

42. Soler N, et al. 1999. Airway inflammation and bronchial microbial pat-
terns in patients with stable chronic obstructive pulmonary disease. Eur.
Respir. J. 14:1015–1022.

43. Thorpe JE, Baughman RP, Frame PT, Wesseler TA, Staneck JL. 1987.
Bronchoalveolar lavage for diagnosing acute bacterial pneumonia. J. In-
fect. Dis. 155:855– 861.

44. VanScoy RE. 1977. Bacterial sputum cultures. A clinician’s viewpoint.
Clin. Proc. 52:39 – 41.

45. Wilkinson TMA, et al. 2006. Effect of interactions between lower airway
bacterial and rhinoviral infection in exacerbations of COPD. Chest 129:
317–324.

46. Wilkinson TMA, Patel IS, Wilks M, Donaldson GC, Wedzicha JA. 2003.
Airway bacterial load and FEV1 decline in patients with chronic obstruc-
tive pulmonary disease. Am. J. Respir. Crit. Care Med. 167:1090 –1095.

47. Yarza P, et al. 2008. The All-Species Living Tree project: a 16S rRNA-
based phylogenetic tree of all sequenced type strains. Syst. Appl. Micro-
biol. 31:241–250.

Cabrera-Rubio et al.

3568 jcm.asm.org Journal of Clinical Microbiology

http://strata.uga.edu/software/anRareReadme.html
http://jcm.asm.org

	Microbiome Diversity in the Bronchial Tracts of Patients with Chronic Obstructive Pulmonary Disease
	MATERIALS AND METHODS
	Design and participants.
	Sociodemographic and clinical measurements.
	Sampling procedure.
	Sample processing and DNA extraction.
	PCR amplification and pyrosequencing.
	Sequence analysis.
	Statistical analysis.

	RESULTS
	Participants.
	Microbial diversity in the bronchial tree.
	Microbiome differences in bronchial tree compartments.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


